Over the last several years, the surrogate reaction technique has been successfully employed to extract (n,f ) and (n,γ ) cross sections in the actinide region to a precision of ∼5% and ∼20%, respectively. However, attempts to apply the technique in the rare earth region have shown large (factors of 2-3) discrepancies between the directly measured (n,γ ) and extracted surrogate cross sections. One possible origin of this discrepancy lies in differences between the initial spin-parity population distribution in the neutron induced and surrogate reactions. To address this issue, the angular momentum transfer to the high excitation energy quasicontinuum region in Gd nuclei has been investigated. The (p,d) and (p,t) reactions on 154, 158 Gd at a beam energy of 25 MeV were utilized. Assuming a single dominant angular momentum transfer component, the measured angular distribution for the (p,d) reactions is well reproduced by distorted-wave Born approximation (DWBA) calculations for L = 4h transfer, whereas the (p,t) reactions are better characterized by L = 5h. A linear combination of DWBA calculations, weighted according to a distribution of L transfers (peaking around L = 4-5h), is in excellent agreement with the experimental angular distributions. Direct measurements of compound nuclear reaction cross sections on short-lived unstable nuclei can be extremely challenging and are often impossible. In many such cases, the surrogate reaction technique [1] [2] [3] provides the only viable option for deducing cross sections. The goal of the surrogate reaction technique is to produce the same compound system in a similar entry region (excitation energy and spin distribution) as in the desired reaction with a stable beam and target combination. If the entry distributions can be matched, a measurement of the decay probabilities in the various exit channels combined with a calculation of the formation probability provides the cross section of interest [1] [2] [3] . Over the past several years benchmarking experiments have shown that surrogate reactions and, in particular, the various surrogate ratio techniques [4, 5] can reproduce the known neutron induced cross sections to within a few percent (∼5%) for (n,f ) [6] [7] [8] [9] [10] and to about ∼20% for (n,γ ) reactions in the actinide region [11] . However, significant discrepancies have been observed when the same techniques are applied to (n,γ ) reactions in the mass 150 region or near closed shells [12] [13] [14] . A mismatch in the entry spin distributions between the (n,γ ) and surrogate reactions may contribute significantly to this discrepancy [typically light ion induced * Current address: Quantum Beam Science Directorate, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan.
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reactions have been used as surrogates, e.g., (α,α ), (p,p ), (p,d), and (p,t)] [6] [7] [8] [9] [10] [11] [12] . The current paper presents the first measurement of the entry spin distribution in Gd nuclei populated following (p,d) and (p,t) reactions. It is interesting to note that these nuclei span a region known for a rapid change from vibrational to rotational character. The experiment was carried out at the 88-in. cyclotron at Lawrence Berkeley National Laboratory where isotopically enriched targets of 158 Gd and 154 Gd were bombarded by a beam of 25-MeV protons. Charged-particle reaction products (protons, deuterons. and tritons) were detected using the STARS (silicon telescope array for reaction studies) E-E telescope while coincident γ rays were detected using the five clover Ge detectors of the LIBERACE (Livermore Berkeley array for collaborative experiments) [15] . The master trigger for the data acquisition required a charged-particle (p, d, or t)-γ -ray coincidence. In the course of the experiment approximately 10 6 (p,tγ ) events (selecting the even-even 152,156 Gd product nuclei) and 10 7 (p,dγ ) events (selecting the even-odd 153,155 Gd nuclei) were recorded. The present work focuses on data recorded on the 158 Gd target. The beam energy and thicknesses of the Si telescopes in the STARS spectrometer were such that excitation energies of up to ∼10 MeV in the final nuclei could be selected by a suitable gate on the energy of the outgoing direct reaction particle (low excitation energies in the residual nuclei correspond to high particle energies and vice versa). For additional details of the experimental setup see Refs. [15] [16] [17] . Of particular relevance to this work, the angular coverage of the segmented Si detectors spanned the range 33
• to 53
• , sufficient for a limited angular distribution measurement.
The triton and deuteron spectra following the 158 Gd + p reaction are shown in Figs. 1 and 2, respectively. It is important to note that these spectra directly reflect the initial entry states in 156 Gd and 157 Gd, i.e., states directly populated by the (p, t) and (p, d) reactions which subsequently decay to lower lying states by γ -ray emission. For excitation energies below the neutron separation energy, γ decay is the only available decay mode, and therefore these spectra reflect the initial entry points into the nucleus. Also shown in Fig. 1 is the triton spectrum in coincidence with the 4 + → 2 + yrast band transition in 156 Gd. In this case the γ -ray gate selects the ensemble of initial states which eventually decay through the 4 + level. At low excitation energies, less than ∼1.5 MeV, the triton spectrum in Fig. 1 is dominated by a few (mainly unresolved) discrete peaks corresponding to direct population of specific low-lying levels in the nucleus. At an excitation energy of ∼2 MeV there is a large increase in triton intensity with a prominent peak-like feature corresponding to strong population of numerous states just above the pair gap. At higher excitation energies there is a smooth, almost linear, decrease in triton intensity up to the highest excitation energies measured in the current experiment, E * ∼ 10 MeV. Similar features appear in the deuteron spectrum (populating the 157 Gd nucleus), Fig. 2 .
Requiring a coincidence with a discrete γ -ray transition reveals the distribution of entry states that subsequently decay through the level selected by the γ -ray transition. For example, Fig. 3(a) shows the triton spectrum in coincidence with the 960 keV transition which depopulates the first excited 0 + level at E * = 1049 keV in 156 Gd. The spectrum is dominated by a single triton peak at an excitation energy corresponding to direct population of the 1049 keV level. A second smaller peak at ∼1800 keV corresponds to a second state which is also populated directly and decays through the 1049 keV state. The measured angular distribution of tritons which directly populate the 1049 keV level (i.e., those in coincidence with both the 960 keV γ ray and the discrete triton peak at E * = 1049 keV in Fig. 3(a) is shown below. The measured distribution is compared with calculated distorted-wave Born approximation (DWBA) angular distributions for various angular momentum transfer values from L = 0-5h. The data are clearly best reproduced by a L = 0h transfer as expected for this 0 + state. A reduced chi-squared measurement of best fit confirms that the data are best fit by the L = 0 calculation. It is worth emphasizing that the curves are not fits to the [19] [20] [21] [22] . Notation used is in accordance with the notation of Ref. [23] . [22] data. Rather, for all comparisons of angular distribution data, the calculated and measured distributions are normalized to 100 units. As another example, Fig. 3(b) shows the deuteron spectrum selected by a γ -ray coincidence gate on the 212 keV transition depopulating the 212 keV + state. The angular distribution of these deuterons (i.e., those in coincidence with the 212 keV γ -ray transition and the discrete deuteron peak at E * = 212 keV) is shown at the bottom of Fig. 3(b) . As expected, the data are best reproduced by L = 2h transfer. Similar results are obtained for other states directly populated by the (p,d) and (p,t) reactions. In general, within the statistical uncertainty, the measured angular distribution is well reproduced by the known L transfer to the state of interest for discrete states. It should be noted that in the limited angular range subtended by the Si detectors, some calculated curves are quite similar and cannot be distinguished by the data.
The DWBA angular distribution calculations were carried out with DWUCK4 [18] using the optical model parameters summarized in Table I . The parameters used were chosen because they most accurately reproduce the experimental angular distributions for directly populated states at low excitation energies in 152, 153, 156, 157 Gd (see, e.g., Fig. 3 ). The orbitals used to determine the number of di-neutron oscillator quanta in the (p,d) and (p,t) calculations are summarized in Table II. In the following analysis, where the higher excitation energy quasicontinuum region is studied, the same parameters were used; however, the Q value was adjusted to account for the higher excitation energy. This adjustment is responsible for the different calculated curves in Figs. 5 and 6.
Having established the sensitivity of the angular distributions to the L-transfer for discrete states we move on to investigate the properties of the quasicontinuum. For this analysis, several wide energy bins in the quasicontinuum region were employed, shown in Figs. 1 and 2 for the (p,t) and (p,d) analyses, respectively.
For the 158 Gd(p,d) 157 Gd reaction, the angular distributions of the deuterons for each different continuum excitation energy bin (no γ -ray coincidence required) is shown in the top row of Fig. 4 . The distribution tends to become more uniform with increasing excitation energies. A similar plot for the (p,t) reaction is shown in the second row of Fig. 4 . As for the (p,d) reaction, the angular distribution of the tritons tends to flatten with increasing excitation energies. As we will see, this flattening corresponds to a higher average angular momentum transfer at higher excitation energies.
This can be inferred from the angular distribution of tritons in the 3-6 MeV excitation energy range (bins B and C) when selected by a coincidence with the 2
+ , and 8 + → 6 + transitions in the yrast band of 156 Gd, bottom row of Fig. 4 . The γ -ray coincidence selects initial entry populations which subsequently decay via the level selected by the gate. The angular distribution becomes more uniform with the increasing spin of the state selected.
It should be noted that in Fig. 4 , the highest energy bin in the triton spectrum is above the neutron separation energy. Therefore, data for this bin were also selected by a coincidence requirement with an intense yrast band γ -ray transition in 156 Gd (the 344 keV 4 + → 2 + transition). Although the two highest energy bins in the deuteron data are also above the separation energy for 157 Gd, such a γ -ray coincidence is not feasible because of the highly fragmented γ -ray cascade in the odd nucleus and because neutron emission rapidly dominates over γ decay for these excitation energies.
The angular distribution of deuterons in the 5-6 MeV excitation energy range (energy bin C) is compared to calculated DWBA angular distributions (adjusted for E * ∼ 5 MeV) for different angular momentum transfers from L = 0 to L = 6h in Fig. 5 . A reduced chi-squared analysis is used to compare the experimental distribution to each of the calculated curves. Assuming a single L-transfer value, the deuteron distribution is best reproduced by L = 4h (χ 2 = 0.49).
Similarly the angular distribution of tritons in the 3-6 MeV excitation energy range (energy bins B + C) are compared to calculated DWBA angular distributions for different angular momentum transfers from L = 0 to L = 6h in Fig. 6 . Assuming a single L-transfer value, the experimental distribution is best reproduced by L = 5h (χ 2 = 11). Of course, the spin transfer into the continuum is not expected to be of single integer value but rather a distribution, probably peaking around a specific spin value. Indeed Escher et al. [24] have been able to model this distribution for the 158 Gd(p,t) 156 Gd reaction. By modeling the decay of 156 Gd with a modified Hauser-Feshbach calculation for many different spin-parity distributions, and comparing the calculated relative yrast band γ -ray intensities with the measured intensities from this experiment, the most likely spin-parity distribution was found. The distribution peaks around 4-5h with smaller contributions from lower spin transfer values. Considering spin-transfer values of L = 0 through 6h, the distribution of Escher et al. is shown in Table III . Using these values a weighted sum of the individual DWBA curves excellently reproduces the experimental angular distributions of tritons following the 158 Gd(p,t) 156 Gd reaction as shown in Fig. 6 .
Examination of the intensity flow through the low-lying level schemes of the even-even Gd nuclei reveals that L = 4-5h transfer is quite reasonable. For 156 Gd, the 2 + level is fed only through known discrete low-lying levels, mainly from the 4 + yrast band level (80% of the intensity) and a variety of nonyrast 0 + , 2 + discrete states around 1 MeV excitation energy. There is very little (∼ none) direct side-feeding from higher lying quasicontinuum states. Therefore, the initial entry states must first decay through these lower lying states. Since most of the 2 + intensity comes via the 4 + level, an initial entry spin centered around L = 4-5h is not unreasonable. This result is also similar to the results of Guttormsen et al. [25] who measured an angular momentum transfer of ∼ 5h when populating dysprosium nuclei via the ( 3 He,α) reaction mechanism.
A transferred spin distribution peaking at L ∼ 4-5h is significantly higher than one would expect of an (n,γ ) reaction. In a study of Gd nuclei by the (p,p ) mechanism, Scielzo et al. [12] carry out calculations which suggest that the (n,γ ) reaction populates the compound nucleus with a spin distribution which peaks around L = 1-2h. This mismatch may be responsible for discrepancies in crosssection measurements when utilizing light ion reactions as surrogates for neutron induced reactions.
In conclusion, the combination of particle angular distributions and coincident γ -ray detection has been demonstrated as a powerful tool for measuring both the spin of directly populated discrete states and the spin input to the quasicontinuum following light-ion transfer reactions. The very high selectivity of this technique could prove invaluable as attention turns to the study of exotic rare isotopes where statistics are limited. The entry spin distribution imparted to the highly excited quasicontinuum in Gd nuclei, between ∼2 and 10 MeV, has been measured for (p,d) and (p,t) reactions at E beam = 25 MeV. For the (p,d) reaction, the experimental angular distribution was most clearly reproduced by L = 4 h transfer. Similarly, the entry spin imparted into 156 Gd by (p,t) reactions was measured and found to most closely resemble an angular momentum transfer of L = 5h. A linear combination of DWBA curves according to the spin distribution of Escher et al. [24] is in excellent agreement with the experimental distribution for the (p,t) reaction.
